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ABSTRACT
Measuring the chemical composition of galaxies is crucial to our understanding of galaxy formation
and evolution models. However, such measurements are extremely challenging for quiescent galaxies
at high redshifts, which have faint stellar continua and compact sizes, making it difficult to detect
absorption lines and nearly impossible to spatially resolve them. Gravitational lensing offers the
opportunity to study these galaxies with detailed spectroscopy that can be spatially resolved. In this
work, we analyze deep spectra of MRG-M0138, a lensed quiescent galaxy at z = 1.98 which is the
brightest of its kind, with an H-band magnitude of 17.1. Taking advantage of full spectral fitting, we
measure [Mg/Fe] = 0.51± 0.05, [Fe/H] = 0.26± 0.04, and, for the first time, the stellar abundances of
6 other elements in this galaxy. We further constrained, also for the first time in a z ∼ 2 galaxy, radial
gradients in stellar age, [Fe/H], and [Mg/Fe]. We detect no gradient in age or [Mg/Fe] and a slightly
negative gradient in [Fe/H], which has a slope comparable to that seen in local early-type galaxies. Our
measurements show that not only is MRG-M0138 very Mg-enhanced compared to the centers of local
massive early-type galaxies, it is also very iron rich. These dissimilar abundances suggest that even the
inner regions of massive galaxies have experienced significant mixing of stars in mergers, in contrast to
a purely inside-out growth model. The abundance pattern observed in MRG-M0138 challenges simple
galactic chemical evolution models that vary only the star formation timescale and shows the need for
more elaborate models.
Keywords: Galaxy chemical evolution, Abundance ratios, Metallicity, Early-type galaxies, Galaxy
quenching, Initial mass function
1. INTRODUCTION
Chemical abundances in early-type galaxies have been
one of the main tools for studying their formation his-
tory. Specifically the α-enhancement (α-element-to-iron
abundance ratio compared to the solar abundance ratio,
e.g., [Mg/Fe]), is sensitive to the timescale of star forma-
tion because of the different lifetimes of the stars that
produce these elements in supernovae (SNe). SN Type II
(core-collapse) release mostly α-elements including oxy-
gen, magnesium, silicon, etc. (Woosley & Weaver 1995)
whereas SN Type Ia mostly release iron and other iron
peak elements. This implies that galaxies with more ex-
tended star formation histories (SFHs) are expected to
have a lower [α/Fe] and higher [Fe/H].
The α-enhancement, as a timescale diagnostic, has
been extensively used to infer the formation histories of
early-type galaxies in the local universe (e.g., Thomas
et al. 2003a; Greene et al. 2019). However, these ar-
chaeological studies can reconstruct the formation his-
tory of the stars currently in the galaxy, and if there
has been a significant amount of merging, then those
stars were born in a range of different progenitor galaxies
with potentially different formation histories. Therefore,
to study conditions in the main progenitors of todays
ellipticals, including highly star-forming dust-obscured
galaxies at z > 3 (e.g., Toft et al. 2014; Casey et al.
2014; Valentino et al. 2020), we need to observe quies-
cent galaxies closer to the epoch of quenching, before the
majority of merger activity had occurred and polluted
the population. At high redshifts, nearly all chemical
studies have focused on the gas-phase metallicity, mea-
sured using nebular emission lines, which traces the cur-
rent composition of the interstellar medium (ISM) and
is affected by inflows and outflows. Stellar abundances
requiring absorption line measurements are more chal-
lenging, but they provide complementary information
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Figure 1. The upper right panel presents HST observations of the two brightest images of MRG-M0138 along with the
placement of the slit on each image (reproduced from Newman et al. 2018a). Other panels show the integrated spectra of these
two images observed with Keck/MOSFIRE (purple, Image 1 in the upper right panel) and Magellan/FIRE (light blue, Image
2) in J, H, and K bands. The best-fit model to each spectrum is shown in solid black or blue. Grey shaded regions are masked
in the spectral fitting process. For display purposes, all spectra are smoothed to 370 km s−1 by taking the inverse variance
weighted mean.
by tracing the composition of ISM when the stars were
forming. Furthermore, stellar abundances are the only
chemical probe available for quiescent galaxies that lack
bright emission lines and may be gas-poor. However,
the faintness of high-z quiescent galaxies makes spec-
troscopic observations extremely challenging.
In recent years, several authors have attempted to ex-
tend stellar chemical abundance studies to higher red-
shifts using a single or stacked spectra of a handful of
quiescent galaxies (e.g., Onodera et al. 2015; Lonoce
et al. 2015; Kriek et al. 2019; Lonoce et al. 2020). Cur-
rently, there is only one quiescent galaxy at z ∼ 2 for
which [Fe/H] and [Mg/Fe] have been measured to ∼ 0.1
dex precision (COSMOS-11494, Kriek et al. 2016). This
galaxy is the most Mg-enhanced massive galaxy ever ob-
served and is thus believed to have had a very short star
formation timescale compared to that inferred from local
samples. Results from this unique object suggested that
the chemical composition of massive galaxies may have
evolved substantially after they quenched, likely through
mergers. However, more observations are needed to con-
firm this scenario.
In this work, we analyze the spectra of MRG-M0138,
a gravitationally lensed quiescent galaxy at z = 1.98
discovered by Newman et al. (2018b). We measure its
detailed stellar abundance pattern and compare it to
COSMOS-11494 and local massive galaxies that are rep-
resentative of its descendant. Moreover, for the first
time for such a distant quiescent galaxy, we measure the
gradient in age, α-enhancement and iron abundance to
investigate the uniformity of the star formation history.
In Section 2 we briefly present our data, in Section 3 we
explain the full spectral fitting process, models and as-
sumptions, and in Section 4 we present our results, the
measured age and chemical abundances of 8 elements.
We discuss the implication of our results in Section 5.
Where necessary we assume a flat ΛCDM cosmology
with Ωm = 0.3 and H0 = 70 km s
−1.
2. DATA
MRG-M0138 is a gravitationally lensed galaxy with
five different images. Two spectroscopic observations
have been made of this galaxy, one of its brightest im-
age (H=17.1) taken with the near-infrared spectrograph
MOSFIRE (McLean et al. 2010, 2012) at the Keck 1 tele-
scope in the J and H bands, and the other of the second-
brightest image taken with the near-infrared echellete
FIRE (Simcoe et al. 2013) at the Magellan Baade tele-
scope. The MOSFIRE spectrum has a signal-to-noise
ratio (S/N) of 137 per velocity dispersion element (∼300
km/s) in H band, which is by far the most detailed spec-
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Figure 2. Corner plot showing covariances among age, [Fe/H], and the abundances of elements for which [X/Fe] is measured
to < 0.1 dex precision in the MOSFIRE spectrum. Black contours show results from fitting the MOSFIRE spectrum, and blue
contours correspond to fitting the FIRE spectrum, which has lower S/N. These contours correspond to 1σ, 2σ and 3σ levels.
Titles show the median of the marginalized posteriors obtained from the MOSFIRE spectrum
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trum of a quiescent galaxy at a similar redshift. The
FIRE spectrum covers a wider wavelength range with a
lower S/N=77 and is mainly used as a cross-check in this
paper. Details about these observations and data reduc-
tion processes can be found in Newman et al. (2018b).
We also have resolved spectra in a series of seven bins
along the MOSFIRE slit, which we use to derive age
and metallicity gradients across this object (for details
about these spectra see Newman et al. 2018a). Also,
using the resolved rotation curve of this galaxy (New-
man et al. 2018a), we are able to remove rotation from
the two-dimensional spectrum. After this derotation,
the galaxy spectral features are aligned vertically while
the sky emission lines are tilted. By extracting a one-
dimensional spectrum using inverse variance weighting,
we then obtain a remarkably clean integrated spectrum
that is virtually free of the sky line residuals that nor-
mally affect near-infrared spectra.
The wavelength ranges used for the fitting process in
this work are 3925 - 4540 A˚ and 4995 - 6070 A˚ for the
MOSFIRE spectrum and 3650 - 4540 A˚, 4990 - 6070 A˚
and 6650 - 7600 A˚ for the FIRE spectrum. In both spec-
tra, we mask the region between 4270 and 4325 A˚ where
there is evidence for residual telluric absorption. We also
mask the Na D line, which we found to be too strong to
be a purely stellar feature and thus requires additional
absorption by an interstellar medium (see Section 4.3).
The two brightest images of the MRG-M0138 and our
integrated spectra are shown in Figure 1.
3. FULL SPECTRAL FITTING
We analyze our spectra using alf (Conroy & van
Dokkum 2012; Conroy et al. 2018), which is an ab-
sorption line fitter of near-infrared and optical spectra
of stellar systems older than 1 Gyr. This code uses a
Markov Chain Monte Carlo (MCMC) algorithm to fit
the data to combined libraries of empirical and synthetic
stellar spectra covering a wide range of parameter space
(Sa´nchez-Bla´zquez et al. 2006; Choi et al. 2016; Villaume
et al. 2017). We run alf in full mode, which fits for 46
parameters as described by Conroy et al. (2018), includ-
ing velocity, velocity dispersion, age, abundances of O,
C, N, Na, Mg, Si, K, Ca, Ti, V, Cr, Mn, Co, Ni, Cu,
Sr, Ba and Eu, along with various nuisance parameters.
We note that the S/N of our spectra is not sufficient to
meaningfully constrain all of the abundance ratios, but
we identify 8 elements whose abundance is measured to
< 0.1 dex precision from the MOSFIRE spectrum and
confine our analysis in the rest of the paper to these
species: Fe, Mg, Ca, Si, Ni, C, Mn and Cr. We should
note that although the MOSFIRE spectrum formally
constrained the Ti abundance to 0.1 dex precision, the
spectrum does not cover the strong TiO absorption fea-
tures, so we exclude it from our results. In the fitting
process, errors are rescaled by a jitter term to ensure
they are realistic, which is useful in the near-infrared
where systematic errors in the data reduction can be
significant.
In our modeling, we assume a single age population
and a Kroupa IMF (Kroupa 2001). We allow the abun-
dance of individual elements ([X/H]) to vary from -0.3 to
1. We also perform following robustness tests: changing
the degree of the polynomial fitted to the continuum,
fixing the abundances of poorly constrained elements
to values typical of local massive early-type galaxies
(ETGs), allowing the response function, which deter-
mine the change in the spectrum due to a change in the
abundance of a single element, to vary with metallicity
(rather than using response functions calculated at solar
metallicity, our default procedure), and restricting the
fit to λ > 4000 A˚ to exclude the Ca HK lines. Results
from all of these tests are well within the error-bar of
the final reported values.
We followed the same procedure for each of the 7 re-
solved spectra. However, due to their lower S/N, we
focus only on the age, [Fe/H], and [Mg/Fe] derived from
these spectra.
Moreover, in order to compare the properties of our
high-z quiescent galaxy with local counterparts, we also
perform the fitting process with exactly the same models
and assumptions on six stacked spectra of SDSS (Sloan
Digital Sky Survey) early-type galaxies from Conroy
et al. (2014). These high S/N spectra are from the inner
0.5 Re of passive galaxies, and are binned by their ve-
locity dispersion spanning from 100 to 320 km s−1. The
only difference is the wavelength range of the fit, which
is from 4000 - 7300 A˚ and 8000 - 8850 A˚ for SDSS spec-
tra.
4. RESULTS
Figure 1 presents the best-fit models to each spec-
trum, which provide excellent fits. In Figure 2, corner
plots show the derived values of age, [Fe/H], and the
abundances of 7 elements (Mg, Ca, Si, Ni, C, Mn, Cr)
that have < 0.1 precision from the MOSFIRE fit, which
is unique for a z ∼ 2 galaxy. Purple contours show re-
sults from the MOSFIRE data, and blue contours show
results from the FIRE spectrum. Posteriors from the
two spectra overlap and we assess the consistency be-
tween the two sets of parameters using the QDM statis-
tic which follows a χ2 distribution (Equation 49, Raveri
& Hu 2019). We derive a p-value of 0.04 that indicates
marginal tension at the ∼ 2σ level between two sets of
parameters. This might reflect small residual systemat-
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Figure 3. [X/Fe] for different elements derived for MRG-M0138 and stacked spectra of SDSS early-type galaxies. Black
diamonds represents values for MRG-M0138 derived from the MOSFIRE spectrum, and blue hexagons correspond to the FIRE
spectrum. Each colored solid line represents local ETGs with a specific velocity dispersion, σ, as indicated in the legend.
Abundances of most of the elements increase with increasing σ. Interestingly, [Mg/Fe] is significantly higher in MRG-M0138
than is typical of local galaxies, even those with the highest σ.
ics in the spectra, or the fact that they probe different
light-weighted radii in the galaxy due to the lens map-
ping. We also found that excluding [Ni/Fe] from the
comparison removed the tension (p = 0.13) and implied
full consistency.
The estimated age of the galaxy is 1.37 ± 0.11 Gyr
from the MOSFIRE spectrum (corresponding to zform =
3.3±0.2) and 1.67 ± 0.23 Gyr from the FIRE spectrum
(zform = 3.8± 0.5).
4.1. Comparison to COSMOS-11494 and local massive
ETGs
We compare the abundances of different elements in
this unique high-z quiescent galaxy with the chemical
abundances of local ETGs in Figure 3. In this figure,
solid lines represent [X/Fe] derived from stacked spec-
tra of the inner regions of SDSS early-type galaxies. It is
known that the star formation history of passive galax-
ies is well correlated with their velocity dispersion (e.g.,
Graves et al. 2010), and that is why these galaxies are
binned by this parameter. Figure 3 shows that the abun-
dance of some elements, such as calcium, does not de-
pend on the velocity dispersion, whereas for some other
elements, such as magnesium and carbon, the abun-
dance is a strong function of velocity dispersion (Con-
roy et al. 2014). The abundance ratios of MRG-M0138
and this local sample of ETGs are relatively consistent,
except for [Mg/Fe], which is significantly (∼ 0.2 dex)
higher for MRG-M0138 even compared to local ETGs
at the highest velocity dispersion bin (320 kms−1). The
only other z ∼ 2 quiescent galaxy with a comparably
precise measurement is COSMOS-11494 (Kriek et al.
2016), which also shows a strong Mg-enhancement.
We then present the relation between [Mg/Fe], [Fe/H]
and stellar mass (M∗) for MRG-M0138 and COSMOS-
11494 in Figure 4. To allow for comparison between the
stellar populations of quiescent galaxies at the present
time and z ∼ 2, we also show the abundances of a sam-
ple of local ETGs from the MASSIVE survey (Ma et al.
2014). Considering the high stellar mass of MRG-M0138
(log M∗ = 11.69±0.12), this galaxy is likely the pro-
genitor of a very massive local elliptical, and the MAS-
SIVE survey is an integral field spectroscopic survey of
the most massive early-type galaxies within ∼ 108 Mpc,
thus providing a perfect comparison sample. Chemi-
cal abundances and masses of this sample are adopted
from Greene et al. (2019); we use abundances measured
in the inner 2 kpc. Additionally, we added the sample
of the stacked spectra of SDSS galaxies from Conroy
et al. (2014) to the first two panels of Figure 4, to show
the stellar mass dependence of [Mg/Fe] and [Fe/H] over
a wide range of stellar mass. As predicted from local
samples, [Mg/Fe] is increasing with stellar mass, but
both massive z ∼ 2 galaxies lie noticeably away from
the simple scaling relation based on local ETGs adopted
from Thomas et al. (2005). Even considering the scatter
among local ETGs in the MASSIVE sample, COSMOS-
11494 has higher ratio of [Mg/Fe] than any of the local
ETGs, and MRG-M0138 is comparable to the most Mg-
enhanced galaxies in this sample.
In contrast to the relatively similar behavior of MRG-
M0138 and COSMOS-11494 in the [Mg/Fe]-M∗ param-
eter space, these two galaxies are completely distinct
from each other when looking at the [Fe/H]-M∗ rela-
tion. Generally, [Fe/H] is not a strong function of stel-
lar mass, and in the high mass regime, local ETGs from
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Figure 4. Relationships among stellar mass, [Mg/Fe], and [Fe/H] for MRG-M0138 (black and blue diamonds, corresponding
to the MOSFIRE and FIRE measurements), COSMOS-11494 at z = 2.1 (green circle; Kriek et al. 2016), and the centers of
local massive ETGs (light blue circles; Greene et al. 2019). Red pentagons show measurements derived from the SDSS stacks
of Conroy et al. (2014). The solid line in the upper left panel shows the scaling relation from Thomas et al. (2005). The z ∼
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panel). A simple chemical evolution model (dot-dashed line) from Kriek et al. (2016) could plausibly explain the abundances
of COSMOS-11494 with a very short formation timescale, but this model cannot account for the high [Mg/Fe] and [Fe/H] of
MRG-M0138.
MASSIVE sample span a relatively wide range of [Fe/H],
with values as low as −0.36 to a maximum of +0.15. In
this parameter space, MRG-M0138 with [Fe/H] of +0.26
± 0.04 is more iron-rich than any of these local galaxies,
wheres COSMOS-11494 with [Fe/H]= −0.25 ± 0.11 is
among the galaxies with the lowest [Fe/H] ratio. This
is also emphasized in the last panel of Figure 4, which
shows that both z ∼ 2 galaxies are distinct from the lo-
cal sample but with different abundance patterns, which
implies significant differences in the enrichment histories
of these galaxies.
Furthermore, the [Ca/Fe] ratio is also significantly
different in MRG-M0138 and COSMOS-11494. MRG-
M0138 has [Ca/Fe]=+0.12 ± 0.05, comparable to local
ETGs, whereas COSMOS-11494 is very Ca-enhanced
([Ca/Fe]=+0.59±0.07; Kriek et al. 2016). Its very high
[Ca/Fe] ratio is surprising, since local ETGs show al-
most no Ca-enhancement. In MRG-M0138, on the other
hand, the abundance of Ca does not follow Mg, which
is consistent with previous studies that showed a differ-
ent behavior of these two elements, specifically the un-
derabundance of Ca relative to other α-elements (e.g.,
Worthey 1998; Thomas et al. 2003b; Smith et al. 2009).
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Figure 5. Spatially resolved age, [Mg/Fe] and [Fe/H] for
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resents the fit to the resolved data in the form of A × log
(R/Re) + B, where A and B are presented in each panel.
We find that age and [Mg/Fe] are uniform over 0.5− 1.4Re,
while we detect a marginally negative gradient in [Fe/H].
Figure 3 shows one aspect of the dissimilar behavior of
Mg and Ca: [Mg/Fe] increases with increasing velocity
dispersion, whereas [Ca/Fe] is almost constant.
4.2. Stellar Age and Abundance Gradients
We present our unique measurement of the spatially
resolved age, [Mg/Fe], and [Fe/H] for MRG-M0138 in
Figure 5. In each spatial bin, we take the light-weighted
radial position from Newman et al. (2018a). We fit our
resolved data with a functional form of A×log (R/Re) +
B, where A and B are presented on each panel of Figure
5. We do not detect an age gradient (A = 0.03 ± 0.15
Gyr dex−1) or a gradient in [Mg/Fe], which suggests that
the star formation history was fairly uniform across this
galaxy. However, we find a marginally negative gradient
for [Fe/H] with a slope of −0.35± 0.27. These gradients
are comparable to those seen in local early-type massive
galaxies. For example, Greene et al. (2015) found gen-
tle gradients in age (A = −0.35 ± 0.11 Gyr dex−1, see
their Table 1) and [Fe/H] (A = −0.46 ± 0.11) and no
gradient in [Mg/Fe] for the galaxies in the highest ve-
locity dispersion bin (σ > 290 km s−1) of the MASSIVE
survey.
The small metallicity gradient in MRG-M0138
(−0.040±0.028 dex/kpc) is comparable to the gas metal-
licity gradients in high-z massive star-forming galaxies,
and based on simulations, seems to require strong feed-
back mechanisms during the star-forming phase to mix
the gas throughout the disk of this galaxy (e.g., Gibson
et al. 2013; Leethochawalit et al. 2016; Ma et al. 2017).
Fairly uniform stellar age and a uniformly high [Mg/Fe]
imply that star formation must have stopped abruptly
and relatively uniformly across the disk around z ∼ 3.3.
This is consistent, at least qualitatively, with the short
gas depletion times and disky kinematics observed in
many high-z submillimeter galaxies proposed as progen-
itors of galaxies like MRG-M0138 (Hodge et al. 2012;
Aravena et al. 2016; Jime´nez-Andrade et al. 2020).
Another issue of key theoretical importance is the link
between quenching and bulge formation. Suggested by
compaction models, violent disk instabilities funnel gas
into galaxy centers, leading to nuclear star formation
just prior to galaxy-wide quenching via gas consumption
and outflows (e.g., Dekel & Burkert 2014; Zolotov et al.
2015; Tacchella et al. 2016; Wu et al. 2020). However,
some observation of quiescent galaxies at z ∼ 2 reported
no indication of a bulge (Toft et al. 2017), calling into
question the generality of this model. In this context, al-
though MRG-M0138 has a small bulge-like structure re-
solved in HST imaging (Re = 800 pc) that contains 26%
of the light (Newman et al. 2018b), our ground-based
spectroscopy cannot reach within 0.5Re = 2.4 kpc,
which is necessary to investigate the bulge stellar pop-
ulations and thereby test compaction or other related
quenching models. These further investigations will be-
come possible with future JWST observations.
4.3. Evidence for an Interstellar Medium
Na D absorption is very strong in MRG-M0138. If we
interpret the absorption as entirely photospheric, our
alf fits imply an unreasonably high [Na/H] ∼ 2.5. This
strongly suggests that an interstellar medium (ISM) is
responsible for some of the Na D absorption. To place a
lower limit on the column density of ISM, we assume a
maximum stellar [Na/H] = +1, consistent with observa-
tions of local ETGs (Conroy et al. 2014), and measure
the equivalent width (EW) of Na D for a model with the
age of MRG-M0138. In this model, EW(NaD) = 3.57 A˚,
and the measured value in the MOSFIRE spectrum, is
EW(NaD) = 5.02 ± 0.12 A˚. Now we can simply as-
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sume that the excess absorption is due to the ISM,
EW(NaD)ISM = 1.45 A˚, and then assuming an un-
saturated interstellar absorption line, we can estimate
a lower limit for the column density of the sodium,
N(Na) > 5× 1012 cm−2, using the relation from Spitzer
(1978) and the oscillator strength from Morton (1991).
Using the linear relation between the neutral sodium
column density and neutral atomic and molecular hy-
drogen column density N(H) in the diffuse ISM from
Ferlet et al. (1985), we can estimate N(H) ∼ 9×1020
cm−2. If we assume the neutral hydrogen is distributed
within the effective radius (Re,maj = 4.8 kpc, axis ratio
b/a = 0.26; Newman et al. 2018b) with this column den-
sity, we find a lower limit for the neutral hydrogen mass
within 1 Re of ∼ 108 M. This is small compared to
the stellar mass of the galaxy (MHI+H2/M∗ > 3×10−4),
indicating that although quenching did not completely
remove the ISM, our observations would be consistent
with a very small gaseous reservoir remaining. We note
this is a very conservative lower limit on the gas mass
of the MRG-M0138, which is far below the current de-
tectable range of the deepest radio observations target-
ing dust continuum or CO line emission. Therefore, it
is complementary to radio observations that detect or
place an upper limit on the ISM mass of this galaxy,
which would better provide insight into the processes
that quenched its star formation.
5. DISCUSSION
We have obtained an extremely high S/N spectrum
of MRG-M0138, a lensed quiescent galaxy at z = 2.
We measured the stellar age, [Fe/H], and abundance ra-
tios [X/Fe] for 7 species for the first time in a z ∼ 2
galaxy. Interestingly the abundance ratio pattern (Fig-
ure 3) seems compatible with massive local ETGs for
most elements, with the major exception of Mg. This
is striking, since Mg is produced exclusively in core-
collapse SNe and so is a pure tracer of massive stars.
The very high [Mg/Fe] ratio we find is particularly re-
markable when coupled with the high [Fe/H] (Figure 4),
which renders MRG-M0138 dissimilar from the centers
of local ETGs.
The chemical abundances of MRG-M0138 and
COSMOS-11494, the only two quiescent galaxies at
z ∼ 2 with precise abundance measurements, suggest
that even the centers of today’s massive ETGs have
not evolved passively. If further observations show that
these two systems are typical of z ∼ 2 quiescent galax-
ies, it will require a significant mixing of stars into the
centers of massive galaxies over time. This cannot be
explained solely by inside-out growth, a paradigm that
is supported largely by the observed modest evolution
in the central density compared to the dramatic evolu-
tion seen in the outskirts of massive galaxies (e.g., Patel
et al. 2013). Instead these first two observations suggest
that the central chemical abundances evolve substan-
tially, which implies that although mergers may have the
largest effect on the galaxy outskirts, they are nonethe-
less able to pollute the galaxy centers significantly. More
work is needed to address the question of whether cos-
mologically motivated merger histories can explain the
apparent chemical evolution.
The α-enhancement is a common method of estimat-
ing formation timescale (tf ) of low-redshift quiescent
galaxies, for example, using the Thomas et al. (2005)
relation: [α/Fe] ≈ 15 − 16 log(tf ). Applying this linear
relation to MRG-M0138 results in unrealistically short
formation timescale of ∼ 0.05 Gyr. This suggests that
the assumptions in the Thomas et al. (2005) model, such
as closed box chemical evolution, a Salpeter slope for the
initial mass function (IMF), or constant SFHs, are too
simplistic to be able to explain these observations. Al-
ternatively the adopted SNe yields may not be valid,
particularly at high metallicity. Also, tf may depend
not only on [α/Fe], but also on other parameters such
as total metallicity (e.g., Yan et al. 2019).
Moreover, for the case of MRG-M0138, the high α-
enhancement is observed simultaneously with a high
[Fe/H]. It is a long-standing problem to reproduce both
high metallicities and high [α/Fe] simultaneously in
models, as simply truncating the star formation (e.g.,
with AGN feedback) produces a high [α/Fe] but a low
[Fe/H] (e.g., Okamoto et al. 2017; De Lucia et al. 2017).
MRG-M0138 makes this problem even worse, as it has
even higher [Fe/H] and [α/Fe] than local galaxies. Sim-
ple chemical evolution models that only vary the star-
formation timescale, such as the line shown in the lower
panel of Figure 4, cannot match our measurements. One
possible solution to this problem, though not necessar-
ily a unique one, is to alter the initial mass function
(IMF): a top-heavy IMF results in more massive stars
and therefore more α-elements.
The possible need for a top-heavy IMF in high-z dusty
star-forming galaxies has been suggested in some obser-
vations and models (e.g., Zhang et al. 2018; Cai et al.
2020). For example, Zhang et al. (2018) inferred a top-
heavy IMF based on observations of isotopologue ra-
tios of CO in sub-millimeter galaxies at z ∼ 2-3. These
dusty, highly star-forming galaxies are plausible progen-
itors of massive quiescent galaxies at z ∼ 2 like MRG-
M0138. However, the CO ratios are sensitive to the ro-
tation speeds of massive stars, which depend on metal-
licity and possibly on ISM properties in ways that are
not well understood (Romano et al. 2019). The stel-
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lar abundance pattern we have measured may provide
a complementary diagnostic of the high-mass IMF, but
detailed galactic chemical evolution modeling is needed
to derive such constraints and assess their robustness.
We plan to perform such modeling in future work.
In summary, MRG-M0138 is a massive, disk-
dominated quiescent galaxy with a formation redshift
of zform ∼ 3.3. The star formation history of this galaxy
seems to have been very short across the whole disk,
based on the uniformly high [Mg/Fe], though star for-
mation may have begun earlier in the central regions
based on our marginal detection of a negative [Fe/H]
gradient. Quantitatively reproducing the high [Mg/Fe]
of this galaxy, especially coupled with its high [Fe/H],
is challenging and may require alterations to standard
galactic chemical evolution models such as a top-heavy
IMF. The fact that MGR-M0138 has distinct chemical
abundances from local analogs and also from its only
well-studied counterpart at z ∼ 2, COSMOS-11494, mo-
tivates the need for deep spectroscopy of a larger sample
of high-z quiescent galaxies, which will become feasible
with next-generation facilities such such as JWST and
30-m class telescopes.
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